The relative function of IGF-I and insulin on fish muscle metabolism and growth has been investigated by the isolation and culture at different stages (myoblasts at day 1, myocytes at day 4 and myotubes at day 10) of rainbow trout muscle cells. This in vitro model avoids interactions with endogenous peptides, which could interfere with the muscle response. In these cells, the effects of IGF-I and insulin on cell proliferation, 2-deoxy-glucose (2-DG) and L-alanine uptake at different development stages, and the use of inhibitors were studied and quantified. Insulin (10-1000nM) and IGF-I (10-100nM) stimulated 2-DG uptake in trout myocytes at day 4 in a similar manner (maximum of 124% for insulin and of 142% for IGF-I), and this stimulation increased when cells differentiated to myotubes (maximum for IGF-I of 193%). When incubating the cells with PD98059 and specially cytochalasin B, a reduction in 2-DG uptake was observed, suggesting that glucose transport takes place through specific facilitative transporters.
Introduction
IGF-I induces, in vertebrates, multiple regulatory functions on growth, differentiation, reproduction, and metabolism (reviewed in 58). In fish, the IGF-I effects related to growth are well characterized (15, 22, 26, 34) and abundant literature exists on the role of IGF-I in fish differentiation (23, 50) and fish reproduction (31), but information about its metabolic role is scarce.
In mammals, the importance of insulin on muscle metabolic function is well established in vivo (60) and in vitro. There are many studies on the effects of insulin on the stimulation of glucose uptake in mammalian muscle cell lines (12, 28, 45) and in primary culture of cardiac (13) and skeletal muscle, in humans (56) and rats (59). It has been also reported that IGF-I exerts some of these effects in mammalian established cell lines (3, 32) in ovine muscle cells (55) and in chicken muscle cells (17) .
In addition to the effects of insulin on glucose uptake, its effects on protein anabolism are also well known and its action on amino acid uptake in L6 cells has been reported (35) as well as in vivo in neonatal pigs (44). IGF-I caused similar effects in L6 cells (3) and in ovine muscle cells (55). Moreover, IGF-I has been shown to stimulate protein synthesis in neonatal pigs (10) , and in primary cultures of chicken satellite cells IGF-I is more effective than insulin stimulating amino acid uptake (18) .
The mitogenic effects of IGF-I and insulin on muscle have been described in various studies. Duclos et al (16) , working with chicken satellite cells, reported that IGF-I is more powerful than insulin in stimulating thymidine incorporation in DNA. Hodik et al (24) , using the same model, described the stimulation of DNA synthesis by IGF-I. IGF-I was also shown to stimulate thymidine incorporation in rat muscle (6) . Similar studies have also been carried out in established cell lines, for example, mouse C2C12 cells, where it was shown that insulin can increase thymidine incorporation in a dosedependent manner (8). In mammals, IGF-I is considered to be a more mitogenic and growth stimulatory molecule than insulin. Insulin plays a more important role in metabolic processes such as the regulation of carbohydrate metabolism.
Similarly, in fish, IGF-I stimulates proliferation and DNA synthesis in a dosedependent manner in zebra fish embryonic cells, while insulin shows a weak mitogenic activity (53). However, it has been postulated that, in fish, these processes are similar in both molecules and it is possible that there is an overlapping of metabolic functions between insulin and IGF-I (51, 52). Our group has previously described the abundance of IGF-I receptors in skeletal muscle as compared to the number of insulin receptors, in several species of fish and other poikilotherms (48, 49). This ratio has been observed during trout ontogeny and in adult fish muscle (38) and also in a primary culture of 6 fasted for 24 h previously to the experiments. Fish (30 to 50 for each culture) with an approximate weight of 5 g, were killed by a blow to the head and immersed for 30 seconds in 70% ethanol to sterilize the external surfaces. Cells were isolated, pooled and cultured following the protocol described previously (5, 54) . All experiments were conducted with cells seeded at a density of 1.5 to 2 X 10 6 per well in 6-well plastic plates (9.6 cm 2 /well, NUNC). Observations on morphology were regularly made to control the state of the cells, which were used at day 1 (mononucleated cells) for thymidine uptake experiments, and at day 4 (mostly small myotubes) and day 10 (big myotubes) for 2-DG and L-alanine uptake assays. All experiments were performed in triplicate; each experiment was performed in triplicate (three wells). Cells were incubated at 18ºC, the optimal temperature for growth of the culture.
2-DG uptake assays
For 2-DG assays 30 to 50 fish, with an approximate weight of 5 g, were used for each culture. After pooling cells from all the animals of the same culture, the experiments were conducted with cells seeded at a density of 1.5 to 2 X 10 6 per well in 6-well plastic plates. The cells, after 4 or 10 days of culture, were incubated for 4 h with DMEM without FBS and after this period preincubated (30 or 60 minutes) in the presence or absence of insulin or IGF-I in DMEM+0.5% BSA (concentrations ranging from 10 to 100 nM for IGF-I and 100 nM to 1 µM for insulin). After preincubation the cells were rinsed two times with ice-cold PBS and incubated with unlabeled 2-DG 50 µM together with labeled 2-DG (2 µCi/mL) in HEPES-saline buffer. The incubations with labeled and cold 2-DG, except for the time-course experiments, were routinely of 7 PBS, and the cells were lysed with NaOH 0.5 N. The contents of the wells were removed and placed into scintillation vials, and the radioactivity was quantified with a β counter 
L-alanine uptake assays
For L-alanine uptake assays, fish number and weight, and cell culture and cell density was equivalent to that used for 2-DG uptake assays. After 4 or 10 days of culture, the culture medium (90% DMEM/ FBS 10%) was aspirated, and the cells were rinsed with ice-cold PBS and maintained in DMEM+ 0.5% BSA (DMEM/BSA) without FBS for 2-3 hours. After preincubation with DMEM+0.5% containing different concentrations of peptides (from 10 to 100 nM for IGF-I and 100 nM to 1 µM for insulin) at different times (1 h or 2 h), the medium was aspirated, rinsed two times with ice-cold PBS and the cells incubated with 1 µCi/ mL of L-alanine (except for the timecourse experiments, the incubations were routinely of 20 minutes). The amino acid uptake was stopped by aspiration of the supernatant, followed by three rapid washes with ice-cold PBS. Finally cells were solubilized with NaOH 0.5 N, samples were placed in scintillation vials and the radioactivity was counted (Packard Bioscience Company, Meriden, CT, USA).
Cell Proliferation assays (Thymidine uptake)
For proliferation assays, fish number and weight, and cell culture and cell density was equivalent to that used for 2-DG or L-alanine uptake assays. The proliferation assays were performed with 1 day cells (myoblasts). The medium was aspirated, and the cells were incubated with DMEM + 0.02 % FBS for 24h to restrict the cell growth. After this period, the medium was changed to DMEM containing different concentrations of FBS and peptides (from 0.125 nM to 25 nM). Cells were maintained for 24 additional hours under these conditions, and cell proliferation was analyzed by quantifying the 3 Hthymidine uptake (0.2 µCi/ mL) for 24 additional hours.
Finally, the supernatant was removed and the cells washed 3 times with ice-cold PBS. By addition of 1 mL of TCA (10% w/v) after 20 minutes at 4º C, the soluble fraction was eliminated, and the insoluble fraction remained. The assay was terminated and the radioactivity associated with the cells determined as described above for 2DG
and L-alanine uptake.
Statistical analysis
The treatment was performed in triplicate for each experiment. Data are presented as mean ± standard error of at least three experiments. Statistical differences between conditions were analyzed by one-way analysis of variance and the Tukey test.
Differences were considered statistically significative at P< 0.05
Results

IGF-I and insulin effects on 2-DG uptake
Different concentrations of cold and labeled 2-DG were tested in preliminary experiments and a concentration of 50 µM of cold 2-DG and 2 µCi/mL of labeled 2-DG glucose were selected for the following experiments. Our preliminary time-course experiments, performed by incubation of cells at day 4 with 50 µM of unlabeled 2-DG and 2 µCi/mL of labeled 2-DG, showed that basal 2-DG uptake was linear between 0 and 60 minutes (r 2 = 0.99) (from 1645 cpm/well at 10 min to 14537 cpm/well at 60 min).
Additionally, preincubation of cells at day 4 with IGF-I for 60 minutes and subsequent incubation with 50 µM of cold 2-DG together with 2 µCi/mL 2-DG for 10 or 30 minutes resulted in an increase of glucose uptake for both times when compared to basal levels (in absence of IGF-I). Very similar results were obtained when preincubating IGF-I for 30 minutes (data not shown). showed the highest stimulation of glucose uptake after 60 minutes (Fig. 1A) , while maximum insulin stimulation was observed after 30 minutes (Fig. 1B) . Insulin exerted this stimulation at a concentration 10 times higher (1 µM) than that for IGF-I (100 nM).
The stimulatory effect of IGF-I (preincubated for 30 minutes) on glucose uptake was also studied on day 10 of culture ( Fig. 2) resulting in a maximum stimulation of 193 ± 6 %, a higher level of stimulation than that in cells at 4 days (Fig. 1A) . In addition, in myotubes at 10 days and at equimolar concentrations, IGF-I was more effective than insulin in stimulating glucose uptake (data not shown). 
IGF-I and insulin effects on L-alanine uptake
Time-course experiments of L-alanine uptake, performed by incubation of cells at 
IGF-I and insulin effects on thymidine uptake
Several experiments were performed to verify the incubation conditions for the of proliferation study of the cells in culture. Cells (in day 1) were incubated with peptides (IGF-I and insulin) for 24 h and labeled 3 H-thymidine was added for an additional 24 h.
The first experiments were performed by incubation of the cells in DMEM without FBS and with different concentrations of IGF-I and insulin. However, we could not observe any effect on proliferation. The following incubations were done using different concentrations of FBS (ranging from 0% to 10%), in order to determine which was the optimal FBS concentration to quantify the proliferation. Only in the presence of 2% or 5% FBS proliferation was detected when IGF-I was added (stimulation of 153 % and 172% over basal levels, respectively). were able to stimulate the 3 H-thymidine uptake above the basal levels of uptake.
Discussion
This is the first study to describe the IGF-I and insulin-stimulated uptake of metabolic substrates (2-DG and L-alanine) and cell proliferation in trout skeletal muscle cells, and as far as we know is the first time that this kind of study has been done in a primary culture of muscle of any fish species. Our results point to a key role (both metabolic and mitogenic) for IGF-I in fish muscle, which is important considering the fact that fish have continuous growth, and therefore IGF-I could act as a key regulatory factor of this growth through the fish life cycle.
2-DG uptake
Here In our results, both peptides stimulated glucose uptake at short incubation times (between 30 and 60 minutes), and in concentrations (1 µM for insulin and 100 nM for IGF-I) similar to that described for mammalian, in primary cultures of human muscle (7) and in C2C12 cells (12, 45) . Other authors have also observed glucose uptake when longer (8-18 hours) incubations with the peptides were performed (3, 33).
Results in this study are similar to those reported by Duclos et al (17) where, in a primary culture of chicken muscle cells, IGF-I stimulated more than insulin glucose uptake, both peptides being incubated for 4 hours and at equimolar concentrations. In addition, insulin needed to be 10 times more concentrated than IGF-I to have the same effect, which supports our results in 4-and 10 day trout muscle cells.
In our primary culture of trout myotubes at 10 days and at equimolar concentrations, IGF-I was more effective than insulin in stimulating glucose uptake, although Kelley et al (27), in goby skeletal muscle explants, a system that can be analogous to trout myotubes, found no differences in 2-DG uptake between IGF-I and insulin at equimolar concentrations.
In our trout muscle cells the glucose uptake stimulated by IGF-I in day 10 was almost 70% higher than in day 4, a situation also described by Beguinot et al (3) in L6 cells (where IGF-I stimulated glucose uptake increased by 30% when developing from myoblasts into myotubes) and more recently by Niu et al (43) in the same model. From these results we can conclude that the stimulation of glucose uptake by IGF-I in trout muscle cells increase with differentiation, and this could be explained by the reported 14 increase in the IGF-IR levels (5). In addition, the mRNA levels (57) and protein levels (1) of the glucose transporter GLUT4 increase during the differentiation of myoblasts to myotubes in culture, with a higher effect on glucose uptake.
By incubating trout muscle cells with wortmanin and PD98059 a decrease on the glucose uptake was observed, especially on IGF-I stimulated cells, in agreement with that observed by other authors in isolated rat cardiomyocytes (13) 
L-alanine uptake
In this study we also analyze the effects of insulin and IGF-I on the L-alanine In conclusion, IGF-I stimulates, more than insulin, glucose uptake in a primary culture of rainbow trout myosatellite cells, and this stimulation is higher when cells develop in vitro to form differentiated myotubes. IGF-I also stimulates L-alanine uptake more potently than insulin, and this stimulation decreases as the cells differentiate. 
